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FOREWORD

The Clean Air Act of 1963 gave the Department of
Health, Education, and Welfare authority to publish air
quality criteria as guides for municipal, State, and
interstate air pollution control authorities.

These criteria establish the levels of concentration
at which individual pollutants begin to harm our health
and foul our environment. They set the levels we must
2im for in our drive for clean, breathable air.

This volume covers air quality criteria for sulfur
oxides. It is the first in a series to be issued by the
Department as guideposts for action on the major pollutants
in our Nation's atmosphere.
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PREFACE

The air that we breathe, particularly the air that we
breathe in our cities, contains not only nitrogen, oxygen, and
carbon dioxide, but a host of other gases and particles, some
of which are of natural origin but most of which are wastes from
our civilization. The quantities of these other gases and par-
ticles relative to the quantities of nitrogen, oxygen, and carbon
dioxide are minor, but their effects on human bealth and welfare
may be considerable.

Most gases and particles that pollute the atmosphere are
emitted directly from man's activities. Some of these may react
with each other or with oxygen or water in the air to form new
substances. Some of the newly formed substances may react further
to form additional substances, and the extent of all these atmos-
pheric reactions is affected by temperature, relative humidity,
sunlight, and the concentrations of the substances. The air, then,
at any one time and any one place may very well have unique char-
acteristics. Present technology is not available for anyone to
define air quality in all its ramifications, although certain of
its characteristics have been found to have a recognizable rela-
tionship with effects.

The widespread and growing evidence of the adverse effects

of air peollution deéands that protective controls be applied now,
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based on the latest scientific knowledge of the predictable effects
of various pellutants in the atmosphere.
Air quality criteria, expressed in terms of pollutant con-

centration and duration of exposure, describe relationships be-

tween air pollutants and effects on health and welfare. Such

criteria summarize what is known about the effects of pollutants

in the atmosphere to provide a realistic base for selecting air

quality standards. To achieve or maintain the selected air

quality standards, limitations must be placed on the quantities
of pollutants that can be emitted. 1In determining such pollu-
tant emission limitations, to be regulated under law, several
additional factors should be considered: existing air quality,
and the technical feasibility, relative costs, and time scheduling
of the pollution abatement measures.

This document presents criteria of air quality in terms of
the effectg empirically obtained and published for various conp-
centrations of one family of pollutantg,

the sulfur oxides, theiy

acids and acid salts,

fossil fuels, coal and o0il, for power and heat, results in thege
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compounds being among the most commmonly occurring §£-the atmo-~
spheric pollutants in the United States.

Air polluted with these compounds can produce a variety of
effects. Humans vary in their reactioms, but such pellution
above certain levels unquestionably has adverse effects on the
resplratory system and general health. These effects have been
particularly evident in several air pollution disasters. High
ievels can reduce the visual range and prolong fogs. Low levels
tasting for long periods can damage materials. When threshold
levels are exceeded, vegetation will suffer varying degrees of
acute injury depending on poliutant concentration and duration
of exposure. Vegetation may also suffer chronic injury from
prolonged exposure Lo concentrations below the threshold for
acute injury. The contribution, then, of the sulfur oxides to
the effects of many polluted atmospheres is a significant one,
and any definition of air quality must include criteria which
relate to the effects associated with these oxides.

Although the criteria presented here index the effects of
the oxides of sulfur, these effects do not necessarily, nor in
fact actually, derive solely from the presence of gulfur oxides
in the atmosphere. They are for the most part the effects observed
when various concentrations of sulfur oxides, along with other
pollutants have been present in the atmosphere. Becauseé of the
interactions betéeen pollutants and the reactions of pollutants

with oxygen and with water in the atmosphere, and because of the




influence of sunlight and temperature on these reactions, the
effects of one atmosphere polluted with oxides of sulfur may be
quite different from the effects of another atmosphere similarly
polluted with oxides of sulfur.

The criteria presented here, then, are not exact expressions
of cause and effect that have been replicated from laboratory to
laboratory. Instead, the criteria are useful statements of the
effects of the sulfur oxides in the atmosphere derived from a
careful evaluation of what has so far been repeorted. As more
studies of these effects expand our knowledge, the criteria will
be modified accordingly.

The use of these criteria by State and local governments may
vary with individuzl judgment and with local circumstance. In the
Federal Clean Air Acts the American people have expressed through
their representatives a strong desire for clean air. Guidelines
for the choice of criteria are that the guality of the air be
good enocugh that;

1. the health of even sensitive or susceptible segments of
the population would not be adversely affected;

2. concentrations of pollutants would not cause annoyance,
such as the sensation of unpleasant tastes or odors,;

3. damage to animals, ornamental plants, forests and agri-
cultural crops would not occur;

4. wvisibility would not be significantly reduced;

5. metals would not be corroded and other materials would
not be damaged;
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6. fabriecs would not be soiled, deteriorated, or their
colors affected;

7. mnatural scenery would not be obscured.

The public has spoken for clean air. The criteria presented
here offer guidelines for the abatement of air pollution involving
sulfur oxides.

I am pleased to acknowledge that these criteria are the result
of the pioneering effort carried out under the able leadership of
Vernon G. MacKenzie, Deputy Director, Bureau of Disease FPrevention
and Environmental Control during his tenure as Chief, Division of

Air Pollution.

A T il

o/ Fohn T Middleton
Director
Center for Air Pollution Control
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SUMMARY

Physical and Chemical Properties of the Oxides of Sulfur

Sulfur dioxide and sulfur trioxide are easily formed during
the combustion of sulfur in fossil fuels. About 25 to 30 parts of
sulfur dioxide to each part of sulfur trioxide are formed. The
other sulfur oxides are either difficult to form or are unstable
so that they are not significant air pollutants. Sulfur dioxide
is a relatively stable, nmon-flammable, non-explosive colorless
gas that most people can detect at concentrations from 0.3
to 1 ppm in air. Sulfur dioxide can act as either a reducing
agent or as an oxidizing agent, and it can react with materials
in the air to form sulfur trioxide, sulfuric acid, and sulfate
salts. Tt is highly soluble in water with which it reacts to
form sulfurous acid. Sulfur trioxide reacts very rapidly with
water to form sulfuric acid, its normal form in the atmosphere.

Atmospheric Reactions of Sulfur Oxides

Sulfur dioxide is oxidized in the atmosphere by either
photochemical or catalytic activation. 1In laboratory studies
sulfur dioxide alone in air is oxidized siowly by sunlight
(0.1 to 0.2 percent conversion per hour), but if hydrocarbons
and oxides of nitrogen are also present in the mixture, photo-
chemical oxidation of sulfur dioxide proceeds at a faster rate.
Sulfur dioxide in fog droplets containing iron or manganese

salts may be oxidized at the rate of about 1 percent per minute.

. In field investigations, rates from 0.1 to 2 percent per minute
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have been observed in the plume of a coal-fired power plant; -
and an apparent rate of 2.0 percent per hour was calculated in
the open atmosphere. Weight ratios of sulfur dioxide to sul-
furic acid in ambient air generally are in the range of 0,05
to .20, with the larger ratios being associated with higher
relative humidities.

Sources of Oxides of Sulfuy in the Atmosphere

Of 23,360,000 tons of sulfur dioxide emitted to the air
over the United States in 1963, 60 percent was from coal burning,
and about two-thirds of that was emitted as a result of burning
coal for power generation. Of the remaining 40 percent of the
23,360,000 tons, 15.8 percent was from combustion of residual
oils, 4.9 percent from combustion of other petroleum products,
6.8 percent from refinery operations, 7.4 percent from smelting
of ores, and the remainder from coke processing (2.0%), sulfuric
acid manufacture (1,9%), coal refuse banks (0.8%), and refuse
incineration (0.4%).

Measures of Oxides of Sulfur in the Atmosphere

Sulfur dioxide is most commonly measured by the West-Gaeke
or hydrogen peroxide technique or by erlectroconductivity. The
West-Gaeke technique underestimates the true concentration of
sulfur dioxide in the presence of ozone or nitrogen dioxide or
salts of heavy metals. Some of these interferences may be re-
medied in newer modifications of the technique., The hydrogen

peroxide technique may give either high or low values depending
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on whether there is an.excess of basic or acidic gases or parti-
culates other than sulfur dioxide present in the air. Usually
the values obtained by this method are intermediate hetween

those obtained by the West-Gaeke and electroconductivity tech-
niques. Electroconductivity methods may give values 1 to 5

times higher than, but usually less than twice as high as, those
obtained by the West-Gaeke technique because with electroconduc-
tivity methods other soluble gases yield electrolytes in solution
and these electrolytes cause high measurements. Sometimes,
however, alkaline gases, such as ammonia, which neutralize the
acid, are present to the extent that values below those yvielded
the West-Gaeke technique result. This discussion of measurement
errors should not be construed to mean that the measurements

do not have value but rather that factors which cause interference
should be considered in selecting a measurement method.

Several methods of measuring sulfuric acid mist have been
devised. The most extensively used method 1s an automatic method
that makes use of a high-velocity impactor and electroconductivity.

Other indices of sulfur oxides pollution are sulfate content
of either suspended particulate matter or settled dustfall and
the lead peroxide candle index of sulfur dioxide activity. There
is not a common relationship between lead peroxide candle measure-
ments and other measurements of sulfur dioxide concentrations;
however, these measurements have value because they can show the

presence of very low concentrations over a period of time.
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Concentratlons and Variations of=0xidés ofﬂSulfufiiﬂnﬁhe-

Although the indicated concentrations of sulfur dioxide vary
somewhat with the measurement method, the data of beth the National
Air Sampling Network (West-Gaeke measurement in approximately 350
locations) and the Continuous Air Monitoring Program (electroconduc—
tivity measurement in 6 large cities) indicate that the average
annual sulfur dioxide concentrations in cities of the United
States range from near zero to as high as 0,16 ppm. Geographi-
cally, the concentrations are higher in the northeastern quarter of
the United States, with maximum diurnal concentrations usually oc-
curring around 8 o'clock in the morning. Maximum daily average
concentrations during a year are approximately 4 times the annual
average. Concentrations over a year are approximately log-normally
distributed, regardless of averaging time, with 1 percent of the
averages exceeding a concentration of approximately 3 times the
annual average and 1 percent of the hourly averages exceeding a
concentration of about 4.6 times the annual average; 0,1 percent
of the hourly averapes exceed a concentration that is approximately
7 times the annual average.

Concentrations around large point sources are more variable;
at a given point they are usually less than the minimum detectable
level, but momentary peaks exceed 1 ppm. Maximum daily averages
may exceed 20 t}mes the annual average, and several times a year,
concentrations of from 30 to 160 rimes the annual average may

last from a few minutes to an hour or more.
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Sulfuric acid mist concentrations up to 50 ug/m3 averaged
over 30 minutes have been observed in Los Angeles. In Chicago,
during the months of November and December 1964, for the hours
10 a.m. to 4 p.m. an average of 9.2 ug/m3 was observed.

The national average concentration of suspended sulfates
for the years 1957 to 1960 was 11.8 ug/m3. Sulfates may consti-
tute a sizeable proportion of the total dustfall; percentages
of 10.8 to 32 percent have been reported.

Effects of Air Polluted with Sulfur Oxides on Visual Range

Although direct measurements are not available, the likely
effect of sulfuric acid and sulfate salts on visual range can be
estimated from existing data on particle size distribution, re-
fractive indices, and concentrations. Because of changes in
particle size, at a given concentration of sulfuric acid mist or
sulfate salts, visual range is affected more and more as relative
humidity increases. If only sulfuric acid mist were involved,
at 50 percent rvelative humidity the estimated visual range would
be about 100 miles at a concentration of 10 pg/m3 but only about
1 mile at a concentration of 1,000 ug/m3; at 98 percent relative
humidity, the estimated visual ranges at the same concentrations
would be respectively 10 and 0,10 mile. With a normally associated
amount of sulfuric acid mist and other particulate matter present,
the estimated visual ranges at 50 percent relative humidity would
be about 50 and 0.5 mile at measured sulfur dioxide concentrations

0.01 and 1 ppm respectively; at 98 percent relative humidity the
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estimated visual ranges at the same concentrations would rbe.about
15 and 0.2 miles respectively.

Effects of Ajir Polluted with Sulfur Oxides on Acidity of Rainwater

and Particulate Matter

Data collected in two United States cities indicate that an
increase of 12 ug/m3 of sulfate in the suspended particulate
matter decreases the pH reading of solutions of the particulate
matter by an amount between 0.5 and 1. Mesasurements of the acidity
of rainfall have been reported in England, but not in the United
States.

Effects of Air Polluted with Sulfur Oxides on Materials

Atmospheres polluted with sulfur dicxide and its associated
acidity have been found to be among the most corrosive to metals
of all atmospheres studied, even more corrosive than some marine
atmospheres. Although considerable corrosion occurs at annual
average sulfur dioxide concentrations below 0.05 ppm, its prac-
tical significance has not been given adequate attention. Examples
of the effects of corrogion include a one-third reduction in the
life of overhead line hardware and more than two-thirds reduction
in the life of zinc and aluminum facings used in Pittsburgh be-
tween the years 1920 and 1940; the necessary use of more expensive,
less corrodible metals in some electrical contacts; and one-third
of the annual damage to steel rails in England. Air polluted with

oxides of sulfur also damages portland cement, various stomes,
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Effects of Sulfur Dioxide on Ve etation
__ﬂ_ﬂ______”__ﬂm_“__,____E_ 10

ioxide can cause either acute OFr chronic injury to

Sulfur d

vegetation. The limiting concentration that can be tolerated in

the cells is about the same for many diverse speciles. When this

concentration 1is exceeded, the cells die, leaving a characteristic

pattern of interveinal and marginal acute injury. Plants with

gucculent leaves, such as alfalfa, grains, squash, cotton, grapes,

and endive, are most sensitive, whereas those with a heavy waxy

or cutinized epidermis, such as citrus, pine, and privet, are least
sensitive. Under conditions of maximum susceptibility (high

light intensity, high relative humidity, adequate moisture supply,

and moderate temperature) alfalfa and equally sensitive plants

can be injured by exposure to 0.28 ppm averaged over 24 hours,

or to 0.48 ppm for 4 hours, or by any combination of exposure time

() and concentration (c¢) in which: (c-0.24)}t = (.94,

Chronic injury is characterized by a slow oxidation of sul~-
fite to sulfate in the cells. Sulfate toxicity is a form of chro-
nic injury manifested on the leaf by white or brownish-red turgid
areas that result from rupture of some of the cells. Abscission

of leaves often occurs at or before this stage.
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Few studies have indicated tha

gulfur dioxide is insufficient tb.;éﬁé Aﬁigigléeié;%;ihiﬁffﬁ_,”*
however, an exposure of alfalfa to 0.16 §pﬁ for QSIdafs.eé;;ed

gome abscission of older leaves, and the growith of rye grass was
definitely retarded in ambient air containing daily averages of.

sulfur dioxide from 0.05 to 0.20 ppm.

Effecte of Sulfuric Acid Mist on Vegetation

Sulfuric acid droplets can settle on dry leaves without
causing injury, but when the leaf surface is wet, a spotted
injury develops. This type of injury has been reported in the
Los Angeles area during periods of heavy air pollution acocompanied
by fog. Swiss chard and beets were reported to be most typically
injured; alfalfa develops a spotted injury; and spinach, which
{s more uniformly wet by the fog, shows a diffuse type of injury.

Acute Toxicity to Animals of Excesgsively High Exposures

In 8 to l6-hour exposures, around 1,000 ppm of sulfur dioxide
is required to kill mice, rats, rabbits, and guinea pigs. In a
sulfuric acid mist several hundred milligrams of sulfuric acid
per cubic meter of mist is required to kill mice, rabbits, and
rats, but as little as 18 mg/m3 may kill guinea pigs.

Basic Studies with Sulfur Dioxide

Detached single cells in tissue cultures were killed by 8-
hour exposures to 5 ppm gulfur dioxide om 2 consecutive days.
Although ciliary movement in isolated trachea ceased afrer 25

minutes of exposure to 7 ppm; it was usually not affected by single
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exposures of live animals (rats) to 100 ppm or less, and the effect
of sulfur dioxide was not enhanced by simultaneously inhaled car-
bon particles. After exposure of rats to approximately 10 ppm for
18 or 57 days, ciliary movement was diminished, the mucous blanket
was thickened and tenacious, and epithelial crypts were demonstrate
in the trachea. No pathological changes were observed in other
rats after exposure t§ 40 ppm for 5 hours a day, 5 days a week,

but exposure to 300 to 400 ppm for up to 3 months resulted in in-
creased amounts of mucus and goblet cells and the appearance of
positive bacterial cultures. It has been reported that in animals
breathing 700 ppm only 5 percent of the sulfur dioxide reaches the
bronchi whereas at 0.05 ppm 60 percent of the sulfur dioxide reache:
bronchi. The percent retention by animals has been shown to de-
crease with time of exposure and to increase with decreasing con-
centrations. In humans breathing 16 ppm, only 2 percent of the
sulfur dioxide reached the pharynx; however, 84 percent of the
sulfur dioxide was retained. 1Inhaled sulfur dioxide is distributed
to all.parts of the body. Sulfur dioxide appears to produce in-
creased airway resistance via nerve pathways that stimulate
receptors to produce reflex bronchoconstriction.

Effects on Lung Function of Brief Exposures of Animals to Sulfur

Oxides
Increases in airway resistance are detectable in dogs exposed

to sulfur dioxide concentrations of 1 ppm or more and in guinea

XX



pigs exposed tc 2 ppm or more.-";n'g?ineafpig$ 20=t0 200 «times

as much sulfur dioxide (weight per volume of air) as sulfuric

acid mist or sulfate salts is required to produce a 50 percent
increase in airway resistance. Small-sized particulates more
effectively increase airway resistance than large ones in the

range 0.04 to 7u. Simultaneously inhaled particles that do not
themselves affect alrway resistance do, however, enhance the effects
of sulfur dioxide, and when sulfur dioxide is inhaled with particles
that do increase airway resistance, the increase in alrway regis-
tance is greater than the sum of affects of the particles and gas by
themselves. Increased alrway resistance caused by exposure to
irritant particles or to sulfur dioxide in combination with particles
persists for much longer periods after discontinuation of exposure
than increased resistance caused by sulfur dioxide alone.

Effects of Prolonged Exposures of Animals to Oxides of Sulfur

Information on prolenged exposure of animals to oxides of
sulfur is relatively scarce. Rats exposed to 0.16 ppm sulfur di-
oxide 4 hours per day for 114 days showed reduced activity of
dehydrogenase and cholinesterase and reduced vitamin C content
in the intestines, kidneys, and liver. Rats exposed to 0,03
ppm sulfur dioxide 5 hours per day for 166 days showed a reversible
reduction in carbonic anhydrase. The lifespan of rats exposed over
their lifetime to 1, 2, 4, 8, 16, and 32 ppm of sulfur dioxide was

significantly reduced at all concentrations., Rabbits exposed to

xxi




R .

in the parenchyma of various organs, increased permeability
changes in p

lar walls decreased activity of free sulfhydryl groups,
of wvascula R

d. in combination with 169 to 320 ppm of carbon monoxide,
and,

decreased succlnic dehydrogenase activity.

Guinea pigs exposed to 1 ppm or more of sulfuric acid in a
ui

mist developed pathological changes in the respiratory tract

after a few days. These changes included edema, inter-alveolar

wall thickening, interstitual proliferative processes, aund
lymphoid cell infiltration of blood vessels and beonchi. At 0.5
mg/m3, sulfuric acid caused slight lung irritation, but when the
exposure atmosphare also contained 0.3 ppm of sulfur dioxide, the
pathology was similar to that with higher concentrations of sul-
furic acid in a mist.

Prolonged Exposures of Animals to Mixtures Containing Oxides of

Sulfur

Exposures of animals to sulfur dioxide, sulfuric acid, and
combinations of the two indicate that the effects are additive.

After an 80-day exposure of animals to smoke from anthracite,
coke, and bituminous coal (sulfur dioxide concentrations were
respectively 1.91, $.12, and 7.51 ppm and particle counts were
respectively 3.12 x 108/m3, 3.7 x 108/m3, and 4.41 x 109/m3), red
and white blood cell counts and percent hemoglobin were increased.

The increases Weére greatest in animals exposed to bituminous coal
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smoke, and these animals' also' showe

proliferation of the bronéhiai epi;ﬁelium,.éndfmafkédwpéri.
bronchial lywphoid hyperplasia. No signifiéaﬂt pathology;ééé
observed in lungs of rats exposed to anthracite or coke smoke.
Exposure to bituminous coal smoke containing concentrations of
from 0.7 to 1.6 ppm sulfur dioxide and from 8.2 to 262 mg/m3 of
particulate matter did not increase infection from Pneumococcus
innoculation but did increase the indidence of areas of normally

occurring mucus, pus, and caseous material in the lungs of rats.

Industrial Exposures of Humans to Sulfur Oxides

In reported industrial exposures to 10 to 50 ppm sulfur
dioxide, no effects were noted in some cases whereas in others
there was evidence of deep lung damage, including fibrosis and
emphysema. The studies indicate that less serious effects are
produced in low humidity atmospheres polluted primarily by sulfur
dioxide and that effects increase in seriousness as the atmos-
pheres become more contaminated with other pollutants, such as
particulates and sulfuric acid. The more frequent findings include:
abnormal urinary acidity; a tendency to increased fatigue; dyspnea;
reduced expiratory flow rates; upper respiratory irritations with
consequent alteration in the sense of small and taste; nasopharyngitis
and bronchitis; increased incidence of cough and expectoration;
and increased incidences and increased durations of certain respi-

ratory diseases from infections, including colds and pneumonia.
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g of Humans to gulfur Oxides

Experimental Exposure

“Inhalation of sulfur dioxide in concentrations of 1 ppm Or

more may lncrease regpiration and pulse rates. The lowest concen-

tration that can induce bronchoconstriction in healthy subjects

appears to be between 1 and Z ppm, and at a given concentration

the effect may be enhanced by the simultaneous inhalation of any

of several kinds of particulate matter. Occasionally an indi-

vidual is found who develops bronchospasm upon exposure to sulfur
dioxide, and some persons who have been frequently exposed have
developed a sulfur dioxide sensitivity.

Shallower and more rapid breathing was obgerved in subjects
inhaling a 350 ug/m3 concentration of sulfuric acid mist. In
another experiment with s wide range of concentrations of
sulfuric acid mists and various exposure times, but with all
concentrationg at or above 1 mg/mS, increased airway resistance
was reported., It was also demonstrated that wet mists of lower
normality (4R) and larger particle size (1.54p) were more irri-

tating than dry mists of higher normality {108) and smaller

particle size (0.9%u).

Studies of Sensory Threshold Concentrations

The odor threghold for sensitive persons has been reported
to be 0.5 to 0.7 ppm sulfur dioxide; the taste threshold is usually

considered to be 0.3 to 1 ppm. The odor threshold for sulfurie

acid has been reported to be in the range 0.6 to 0.85 mg/m3.
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Sensitivity of the dark—adaptedweertOc1ightﬂisﬁincreaséd by
sulfur dioxide concentrations in the range of 0.32-to 0.6 ppm. A
negligible increase in light sensitivity early in the exposure
period, but not later, was observed with a 0.6 mg/m3 concentration
of sulfuric acid in a2 mist; in the range of 0.7 to 9.6 mg/m3 the
increase was well defined. A combination of (.22 ppm sulfur
dioxide with a 0.3 mg/m3 concentration of sulfuric acid mist did
not increase light sensitivity, but the combination of I ppm sul-
fur dioxide with a 0.7 mg/m3 concentration of acid resulted in a
light sensitivity increase equal to or greater than the sum of
the increases produced by these concentrations of the substances
individually.

During 20-second exposures to 0.3 to 1.2 ppm of sulfur dioxide
a transient desyachronization of the -wave in the electroencephalo-
gram occurred; greater concentrations caused desynchronization of
the q-wave throughout the exposure. Exposure to sulfuric acid
mist at consentrations less than 0.6 mg/m3 did not cause @-rhythm
desynchronization but greater concentrations did. Electrocortical
conditioned reflexes developed from exposures to: (1) a 0.4 mg/m3
concentration of sulfur dioxide; (2) a 0.4 mg/m3 concentration of
sulfuric acid mist; (3) the combination of 0.17 ppm sulfur dioxide
with 0.15 mg/m3 of sulfuric acid; and (4) 0.08 ppm sulfur dioxide

with 0.30 mg/m3 of sulfuric acid.

4
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=f:Optical chronaxy was increased by C.5 ppm sulfur dioxide
or by 750 ug/m3 of sulfuric acid mist or the combination of

3 . . .
0.3 ppm sulfur dioxide with 600 ug/m of sulfuric acid mist.

Clinical-Epidemiological Studies on Humans in Community Atmospheres

Several attempts to find clinically measurable differences in
the health of individuals exposed to varying degrees of air pollu-
tion have not been successful. However, it has been found that
the health of bronchitis patients detericrates when sulfur dioxide
concentrations rise above 0.21 ppm and smoke concentrations at
the same time rise above 300 ug/m3 It has also been found that
signs and symptoms of irritation of the respiratory tract, such
as cough, increased mucous secretion, nasal catarrh, and wheezing,
are related to pollution by the sulfur oxides. Although quanti-
tative differences of respiratory function associated with air
pellution have been small and of doubtful significance in some
cases, in several independent studies either Wright peak flow
rates have been lower or airway resistance higher in persons
living in areas with high sulfur dioxide concentrations.

Epidemiologic Studies of Morbidity within Cities

In London, the correlation coefficients of daily variation
in either smoke or sulfur dioxide are about 0.3 with daily varia-
tion in hospital admissions for respiration morbidity and about
0.2 with daily variations in admissions for cardiac diseases.
Correlation coefficients of similar magnitude have been reported

between sulfur dioxide concentrations angd daily admissions to
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hospitals in Los Angeles for treatment_oﬁﬁtﬁ?éiqresbirgﬁc fﬁ&;sra
eases,

Bronchitis attack rates may be quadrupled during periods of
intense air poilution when sulfur dioxide concentrations average
from 0.5 to 1 ppm for 3 or 4 days.

When morbidity rates are compared between areas of the same
city with different concentrations of sulfur dioxide, the rates
of respiratery and cardiovascular illnesses are usually higher
in the wore polluted areas,

Epidemiologic Studies of Morbidity between Cities

In only two studies have morbidity rates in different cities
and the corresponding air pollution concentraticns been compared.
Tn one of these a correlation was found between an indirect index
of air pollution (percent of days with visibility less than 100
yards at 9:00 a.m.} and man-years iost as a result of breonchitis
deaths of postmen while in service or their early retirement be-
cause of bronchitis. In the other study a high correlation co-
efficient was found between the average concentration of suspended
sulfate in the air of five cities and the rate of respiratory ill-
nesses lasting more than 7 days in female employees in these
same cities.

Epidemiologic Studies of Morbidity Associated with AT Pollution

Episodes .

Acute illnesses of epidemic magnitude develop when Z4-hour-

average sulfur dioxide concentrations are approximately 0.5 ppm

xxvii




with -peak hourly averages of 0.75 ppm or more, and when at the s:¢
time suspended particulate matter concentrations are 1,000 ug/m3
or higher, or Cohs values sre 8 or more. Increased hospitaliza-
tion and out-patient clinic visits during these periods are pri-
marily attributed to cardiorespiratory illnesses. In severe
episodes accompanied by fog, nausea and vomiting occur in additic
to the usual symptoms of respiratory irritation. Secondary com-
plications frequently develop in individuals of all age groups,
but the elderly individuals and the individuals with pre-existing
cardiorespiratory disease are especially susceptible. From one
study it was determined 10 years zfter the episade that individua
who became i1l during the ocutbreak subsequentiy had a less favor-
able morbidity and mortality experience than those who were not «
affected.

Epidemiclogic Studies of Mortality within Cities

Although it is difficult to isolate the relative importance
of each, increases in deaths in London, from "all causes" and fro
bronchitis occur within 24 hours after daily average sulfur dioxi
concentrations reach about 0.25 ppm and black suspended matter
concentrations rise above 750 ug/mg. Death rates from bronchitis
and from "total respiratory diseases’ have also been found to be
higher in the more polluted areas of Salford, England, and Nashvi
Tennessee, respectively, than in the less polluted areas of these

cities. In Salford, the average annual sulfur dioxide concentrat
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in the areas being compared were 0.15 and 0.08ib$ﬁ}_i fNashville
they were 0.027 and $.013 ppm (interpreted from leaa peroxide

candle measurements).

Epidemiologic Studies of Deaths Among Cities

Such studies have only been made in England where it has been
found that bronchitis death rates relate strongly to indices of
air pollution from domestic coal consumption, lead peroxide candle
measurements, and pH of the precipitation. Pneumonia death rates
were found to increase from 40 to 60 per 100,000 as sulfate in
the dustfall increased from 1.4 to 7 tons/miz/mo.

Epidemiologic Studies of Deaths During Air Pollution Episodes

During a &4-~day perieod in London, when sulfur dioxide ccncen~
trations averaged 0.57 ppm and the smoke concentration 1.41 mg/mB,
4,060 excess deaths occurred. Such epigodes, though of smaller
magnitude, have occurred in Donora, Pennsylvania, New York City,
and Detroit, Michigan. Such data indicate that episodes occur
in United States cities with annual average sulfur dioxide concen-
trations of 0.05 ppm or more when peak instantanecus concentrations
reach 1 ppm or E/Z-hour average concentrations reach 0.8 ppm
during stagnation perioeds lasting 3 or more days.

SUMMARY TABLES

The effects of sulfur dioxide and associated pollutants om
man and animals, vegetation, and materials, and the effects of
sulfuric acid mist and associated pollutants are summarized in

tables I thru IV on the succeeding pages.
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CONCLUSIONS
gulfur dioxide is the common, and ﬁréﬁably only, ogide.of:
gulfur in the atmosphere; but sulfuric acid, the hydrated form
of sulfur triexide, and its salts are also always prescnt. Although
one part of sulfur trioxide is formed for each 75 to 30 parts of
sulfur dioxide during the combustion of fossil fuels, the sulfur
trioxide is rapidly converted in the atmosphere to sulfuric acid.
qulfur trioxide, and consequently sulfuric acid are alse derived
from the oxidation of sulfur dioxide in the atmosphere. The
concentrations of sulfur dioxide and sulfuric acid and its salts
are, therefore, highly correlated, so that sulfur dioxide, which
is commonly measured, can be used as an index of total pollution
from these compounds. Since only sulfur dioxide has been measured
in most reported investigations of oxides of sulfur pollution,
criteria of air quality are expressed in terns of concentrations
of this gas.

The observed effects of a measured concentration of sulfur
dioxide in ambient alr are greater than the effects of the same
concentration of pure sulfur dioxide. 0One reason for the more
ceverc effects is the assoclated presence of sulfuric acid and

sulfare salts. Ancther reasen is the interaction of sulfur diox-—

{de and particulate mattey in the air.
lealth Effects .

Among the sipnificant health effects of sulfur dioxide, sul-

furic acid, and sulfate salts, individually and colliectively, are

11




broncheconstriction, increased airway resistance, and increased
respiration and pulse rates. The resultant styvess provides a
reasonable explanatiocn for the increased wmorbidity and mortality
obtserved among individuals suffering from cardiorespiratory di-
seases as pollution from sulfur oxides increases.

An important property of sulfur dioxide, sulfuric acid, and
sulfate salts, particularly the latter two, is their irritant
action on the mucous membranes of the respiratory tract. This
irritation, whicl 1s associated with thickening of the mucous
blanket, increased secretion of mucus, and reduced ciliary activity,
further explains the increased morbidity and mortality from cardio-
respiratory diseases, including respiratory infections and pneumonia

Figure I was prepared from data reported in table I, pages
®¥x to xlii, to illustrate the effects of sulfur oxides pollution
on health, Analysis of the data permits identification of four
areas of differing nealth significance., The heavily shaded area
represents the duration and concentration of exposures generally
agssociated with increased mortality. The cross-hatched area
represents exposures associated with reports of increased morbidity.
The stippled area represents exposures which are expected to he
asscciated with adverse healtn effects. The unshaded area repre-
sents exposures that are not considered to have any immediately
apparent significance.

The extent of the stippled area is based on the following

considerations. Items 345 37, 38, and 39 on figure I show

lii
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Figure 1. Effects of sulfur oxides pollution on health.

Numbers refer to items in column | Table]

Range of concentrotions and exposure times in which deaths have

v
%/fr been reported in excess of normal expectation.

Range of concenirctions and exposure times in which significant
Y health effects have been reported.

P
| 4
|+

Ranges of concentrations ond exposure times in which health
effects are suspected
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cardiorespiratory responses in healthy subjects exposed in the
laboratory to 1 to 2 ppm sulfur dioxide for 3 to 10 minutes. It
is expected that such responses would be associated with lower
sulfur dioxide concentrations in ambient air because: (1) the
responses are greater when sulfur dioxide is inhaled simultaneous
with particulate matter which is a usual component of ambient air
polluted with sulfur oxides; (2) the sulfuric acid mist and
sulfate salts which accompany sulfur dioxide in ambient air are
also effective in eliciting cardiorespiratory responses; and (3)
it is likely that persons with cardiorespiratory conditions would
be affected by lower concentrations over comparable times than
healthy persons.

Items 14, 17, 20, and 21 show increased cardiorespiratory
morbidity and mortality associated with measured sulfur dioxide
concentrations in the range of 0.15 to 0.25 ppm averaged over
as short a period as 1 to 4 days. However, essentlally similar
health effects are expected with lower concentrations since
cardicrespiratory morbidity has been reported in items 1, 2, 3,
5, 7, % and 9 at annual average exposures 50 low that concentra-
tions of 0,15 to 0.25 ppm averaped over 1 to 4 davs would not be
likely to occcur. Since the effects associated with annual average
concentrations are expected to he due ro the higher concentrations

occurring for shorter periods during the vear, increased morbidity

1iv



and mortallty of a degree not detected
occur on days when the averape concentrafions are less than
(.20 to .25 ppn (items 20 and 21).

Hence, it becomes evident that in order to prevent health
effects the concentrations and exposure times must be less than
the lower limits of the cross-hatched area in figure I. It is
not possible to determine from existing data exactly how much
lower exXposures need to be. However, it is reasonable to assunme
that the higher econcentrations expected for the shorter periods
of time, in those urban communities which have the lowest an-
aual average concentration of sulfur dioxide associated with
increased morbidity and mortality, provide a basis for estimating
the maximal acceptable concentratiens for the shorter periods of

time. The lower limits of the stippled area were determined from

e ——————————

*

Daily average concentrations of 0.20 to 0.25 ppm are not
expected to occcur in large urban areas witl annual average
concentrations below 0.05 ppm. Data collected by the Con-
tinuous Air Monitoring Program (CAMP), as reported on pages
34 to 37, provide the means by which expected maximum average
concentrations in large urban areas with diffuse sources of
oxides of sulfur can be estimated for 24-hour, l-hour, and
S_minute time periods frem any given annual average concen-
tration. These data also provide a means of estimating con-—
centrations that will be exceeded for various percentages of
the time. The maximum concentration expected to occur on
one day in any one year in the CAMP cities is 3 to 5 times
higher than the annual average concentration, and concentra-
rions in excess of a value 2.5 to 4 times the annual average
are expected on 3 of 4 days a year. Ome-hour maximum averages
are 8 to 13 times the annual averape, and 1 percent of the
hourly averapes exceed a value 3.5 to 7 times the annual
average. Five-minute maximum averages are & to 33 times the
annual average, and 1 percent of the S-minute averages axceed
a value 3.5 to 9 times the annual average.

iv




the Continuous Alr Monitoring Program data. Since the following

oncentrations are expected in urban communities with diffuse
con

ources having an annual average concentration of 0,015 ppm sulfur
gou :

dioxide these sets of ranges of concentrations can be collactively
! :

utilized as criteria of acceptable air quality:

Time Period Max imum 1l Percentile
24-hour average 0.05 - 0.08 0.04 -~ G.06
1-hour average 0.12 - 0.20 0.05 - 0.11
S5-minute average 0.10 - 0.50 0.05 - 0,14

It might be assumed that the concentrations tabulated above
would not be exceeded in any area with an annual average no
greater than 0.015 pﬁm. Special circumstances do occur, however,
where atmospheric concentrations are more variable than is usual
in large urban areas. For example, due to seasonal space heating
requirements, seasonal variation in sulfur oxides emissions may
be greater than in CAMP cities. 1In such places the ratios of
short-time averages to annual averages would also be greater, and
conseguently, more severe effects would be expected. Under such
conditions the average concentration during the seasonal or semi-
annual period of highest sulfur oxides emissions, rather than the
annual average, should be used as the basis for estimating expectec
ctoncentrations and consequent effectg during those periods.

In areas affected primarily by large, single sources, the
sulfur dioxide concentrations are usually below the detectable leve
but concentrations of considerable magnitude occur briefly from tip

Lo time. In such areas, the taste and odor of sulfur dioxide are

1vi
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of prime concern and control measures designed tfo.alleviate these

unplzasant sensations should alsoc prevent more serious health

effects.

Vegetation Fffects

Injury to vegetation by sulfur dioxide has been extensively

studied, and the data collected provide relatively precise threshold

values for acute injury. Chronic injury from sulfur dioxide

axposure and acute injury from sulfuric acid mist have been reported,

but exposure concentrations and depree of injury have not been

precisely related,

In figure IL, the affects on vegetation are plotted from the

data in table 11, papcs +1111 to xlv. Available data allow the
demarcation of two areas. The shaded area represents exposures

that are known to cause injury to vepetation. The unshaded area

represents exposures that are below those that cause visible

injury. Acute injury to vepetation has cccurred in areas with

very low annual average concentrations, but where, for short periods of
time, emissions from large single sources result in threshold or
preater exposures. Since the values required for protection of

health are lower than those required for protection of vegetation,

it is reasonable to expect that any ailr quality goals that will
adequately protect health will also adequately protect vegetation.

Tn uninhabited areas where vepetation is the prime concern, how-

ever, air quality goals should provide some margin of safety to

vegetation.
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Figure II. Effects of sulfur oxides pollution
on vegetation.

/ R(_}nge of concentrations and exposure times in which
/A injury 1o vegetation has been reported.

D Range of. concentrations and exposure times of
undetermined significance to vegetation.
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Visibility Lffects

Transmission of light is actenuated by the lipht-scattering
properties of sulfuric acid mist and sulfate salts. BRecause these
compounds are hyproscopic and also because thelr rate of formation
is affected by moisture in the air, their effects on visibilicty
increase with increasing relative humidity. Visibility is reduced
by sulfuric acid and sulfate salts, and is further reduced by
other particulate matter suspended in the air.

The correlations between sulfur dioxide and sulfuric acid
and between sulfur dioxide and other suspended particulate matter
were used to estimate the limits of visibility at various sulfur
dioxide concentrations., These limits are presented in fipure
IT1. The data upon which this graph is based appear on pares 39 to
52.

Observed limits of visibility at given sulfur dioxide‘conw
centrations may depart from the calculated values, depending on
the concentration of particulate wmatter and the oxidizing quality
of the atmosphere. devertheless, the values taken from the graph
do provide reasonable puides for estimating the visual ranges to
be expected at any given sulfur dioxide concentration.

Haterials Effects.

The data on corrosion of metals and effects on other materials

are summarized in table ITI, pages xlvi to xlvii. Since the data
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are largely qualitative, they can be used only in a general way
as mir quality criteria. The more reactive metals begin to be
corroded in moist air when only traces of sulfur dioxide are
present and they are severely corroded by the highest reported
annual average ambient air concentrations. Reduced corrosion
of metals, stone statuary, and buildings, and reduced damage to

naper, leather, textiles, and paint will result from any sulfur

oxides contrel.

In summary, if sulfur oxides concentrations are reduced to
levels that will protect health, the effects on vegetation will
be eliminated, visibility will be appreciably improved, and damage

to materials will be markedly reduced.

1xi




ATR QUALITY CRITERIA FOR SULFUR OXIDES

INTRODUCTION

"Air Quality Criteria for Sulfur Oxides" has been prepared
for the Secretary, Health, Education, and Welfare, by the National
Center for Air Pollution Control, Public Health Service, U.S.
Department of Health, Education, and Welfare as directed by the
Congress in Public Law 88-206.l

This document surveys the published scientific knowledge of
the occurrence of and the effects due to atmospheric pollution by
the sulfur oxides and their acids and acid salts. From this in-
formation criteria of air quality based on the effects of sulfur
oxides pollution on health and welfare have been prepared for the
informational use of municipal, State, and interstate air pollution
control agencies.

Preliminary to reviewing the observed effects, this document
describes the chemical and physical properties of the sulfur
oxides, their characteristic reactions in the atmosphere, sources
of sulfur oxides emission in the United States, and the various
factors affecting their prevalence in this country, and also
reviews various techniques of measuring sulfur oxides. The

“affects" portion of the document reviews what presently is




reported on the relation between atmospheric sulfur oxides and re-
duction in visibility, damage to materials and vegetation, and harm
to animals and man. Thils review includes both laboratory and ambien
air studies and, for man, includes reports of industrial and experi-
mental exposures and the findings of clinical and epidemiological
studies. TIn the summary of this document, the reported effects of
various concentrations of sulfur oxides pollution over a range of
concentrations are tabulated in tables I to IV. Two reference lists
are provided. Im the first list {pages 116-145) the references are
in the order in which they appear in the text. The references num-
bers in the text refer to this list. In the second list (pages 146-
176) the references appear in alphabetical order of authors; numbers
in parenthesis at the end of each reference refer to the reference

number in the first list.

PHYSICAL AND CHEMICAL PROPERTIES OF THE OXIDES OF SULFURZ’3

Definition and Occurrence

The oxides of sulfur inciude sulfur monoxide (S0), sulfur
dioxide (SOZ), sulfur trioxide (503), sulfur sesquiocxide (8203),
sulfur heptoxide (8207), and sulfur tetroxide (SOA)' This report
also contains information on the acids and acid salts of sulfur
dioxide and sulfur trioxide. Sulfur monoxide, sulfur sesquioxide,
sulfur heptoxide and sulfur tetroxide are unstable and are diffi-~
cult to form, Their existence in the atmosphere has not been
demonstrated, although it has been suggested that sulfur heptoxide
could concelvably exist in some atmospheres as a result of the

reaction between sulfur dioxide and ozone.4



on the other hand, sul fur dioxide and sulfur trioxide are
relatively easily formed. Most fossil fuels, for example, con-
tain sulfur, which burnms in air to form sulfur oxides 1in the ratio
of 25 to 30 parts of sulfur dioxide to 1 part of sulfur trioxide.
Fossil fuels such as coal and petroleum are burned abundantliy in
t+he United States, and sulfur dioxide, sulfur trioxide,and their

acids and acid salts are among the most common air pollutants.

Physical Properties of Sulfur Dicxide

sulfur dioxide is a non-flammable, non-explosive, colorless
gas. ILn concentrations greater than 0.3 to 1 ppm in air it is
tasted by most people; in concentrations greater than 3 ppm it
has a pungent, irritating odor to most pEOple.5_7 The gas is
highly soluble in water: 11.28 g/lOO ml at 20°C, as compared to
0.004, 0.006, 0.003, and 0.169 g/100 ml for oxygen, nitric oxide,
carbon monoxide, and carbon dioxide, respectively. The important

physical properties of sulfur dioxide are listed in table 1.

Table 1

Physical Constants of Sulfur Dioxide

Molecular weight 64 .06

Density (g/1) (gas) 2.927 at 0°C; 1 atm
Specific gravity (liguid) 1.434 at - 10°C
Molecular volume (ml) (liquid) 44

Melting point (°C) -75.46

Beiling point (°C) -10.02

Critical temperature (°C) 157.2




Critical pressure {atm) 77.7
Heat of fusion (Kcal/mole) 1.769
Heat of vaporization (Kcal/mole) 5.96
Dielectric constant (&) 13.8 at 14.5°C
Viscosity (dyne sec/cmz) 0.0039 at 0°C
Molecular boiling point constant

(°Cc/1000g) 1.45
Dipole moment (DeBye units) L.61

Chemical Properties of Sulfur Dioxide and Sulfurous Acid

Sulfur dioxide is a relatively stable pas that can act as a
reducing agent or as an oxidizing agent. Of considerable impor-
tance to the problem of air pollution is the ability of the gas
to react either photochemically or catalytically with materials
in the atmogphere to form sulfur trioxide, sulfuric gcid, and acid
salrs. These atmospheric reactions are discussed separately under

Atmospheric Reactions of Sulfur Oxides.

In the gaseous state at room temperature sulfur dioxide
oxidizes hydrogen sulfide to form elemental sulfur and water, and
at elevated temperatures it reacts with the more active metals
and amalgams to form oxygen containing anions and sulfides. As a
reducing agent the gas reacts very slowly with oxygen at 400°C to
produce sulfur tricxide, but catalytic oxidation to sulfur triox-
ide occurs at temperatures as low as room temperature. 5ome
catalysts that aid this reaction are platinum on a phosphor sur-

face, charcoal, vanadium (V) oxide, graphite, chromiun {II1) oxide,



iron (II1) oxide, and the nitrogen oxides. The nitrogen oxides
are used as a catalyst in the Chamber process of manufacturing
sulfuric acid from sulfur dioxide.

Ferrous sulfate (FeSOQ) catalyzes the reaction of sulfur
dioxide directly to sulfuric acid in the presence of oxygen and
water.

Some metal oxides oxidize sulfur dioxide directly to sulfate.
Aluminum oxide (ALZOB), magnesium oxide (Mg0), ferric oxide (FeZOB)’
zinc oxide (Zn0), manganic oxide (MnZOB),cerium oxide (Ce203),and
cupric oxide (CuD) are examples.

Lead peroxide (Pboz) is an active oxidizing agent and is
used in one of the methods for the analysis of sulfur dioxide in
air.

Hydrogen peroxide (HZOZ) is used extensivaly as an oxidizing
agent in the analysis of air samples for sulfur dioxide.

Sulfur dioxide reacts with the halogens. It reacts with
¢hlorine to produce sulfuryl chloride (802C12) and with phospho-
rous pentachloride to yield thionylchloride (80612). The reaction
of sulfur dioxide with iodine is the basis for ome of the analy-
tical methods used to measure sulfur dioxide.

Sulfur dioxide reacts with water to form sulfurous acid
(H2803),which és unstable and which exists only in aqueous media.
Sulfurous acid is oxidized by the oxygen of the air to sulfuric
acid (HZSOﬁ) and reacts with iodine to form hydrogen iodide (11D .

Sulfurous acid can unite directly with many organic dyes. The




West-Caeke method for measuring atmospheric sulfur dioxide takes
advantage of this property; pararosaniline is used as the organic

dye.

Physical and Chemical Properties of Sulfur Trioxide

Sulfur trioxide in ambient air may be emitted directly or
may be derived from the oxidation of atmospheric sulfur dioxide,.
Sulfur trioxide may exist in the air as a gas if the water vapor
concentration in the air is low enough, but if sufficient water
vapor is present {as there probably always is in ambient air),
the gas combines with water to form sulfuric acid droplets, its
normal form in the atmosphere. Because of the difficulty of
measuring free sulfur trioxide in the air, little is known about
how much may be present under various circumstances; presumably
it is normally hydrated and present in the unhydrated form only
in trace amounts.

Sulfur trioxide reacts as a Lewis acid with a variety of
N-containing inorganic ring systems to form addition complexes.

It is a strong acid and readily converts basic oxides to sulfates.
When sulfates, phosphates, carbonates, perchlorates, and salts of
other oxygen acids are reacted with sulfur trioxide, the corre-
sponding anhydride of the oxygen acid is formed. Sulfur trioxide
may also act as an oxidizing agent, giving free halcgens {except
fluorine) with many metal and non-metal halides. Gilbert8 recently
reviewed the numerous and diverse reactions of sulfur trioxide

with organic compounds.



ATMOSPHERIC REACTIONS CF SULFUR OXIDES

Laboratory Investigations

Sulfur dioxide is oxidized in the atmosphere by two main
processes~--photochemical and catalytic. Gerhard and Johnstone9
determined that the rate of oxidation of sulfur dioxide im 30
percent sulfuric acid drops of 0.3 diameter in the absence of
catalysts is ralatively negligible; however, they pointed out
¢hat even in the absence of catalysts the rate of oxidation in a
water fog might be faster if rate depends upon the total amount
of dissolved sulfur dioxide. These authors estimated that the
reaction rate in sunlight was of the order of 0.1 to 0.2 percent
conversion per hour, and that the rate was mnot affected by nitre-
gen dioxide, sodium chloride nuclei, or relative humidity in the
range 30 to 90 percent.

Junge and Ryan10 studied sulfur dioxide oxidation in solution
and found that essentially no oxidation took place in the absence
of a catalyst. When iron chloride was used ag a catalyst oxida-
tion did take place. The final amount of sulfate formed was
relatively independent of the concentration of catalyst but was
a linear function of sulfur dioxide concentration. Johnstone and
COughanowr11 estimated from their study of sulfur dioxide oxida-
tion in small droplets that if manganese sulfate was present as
ip crystals the oxidation rate in fog droplets would be about 1
percent per minute. Both investigators found that manganese salts

were more effective catalysts than iron salts.
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Junge and Ryan found that the oxidation of sulfur dioxide
essentially stopped when the pH of the water droplets approached
2. They postulated that at least in part this was because of the
tow solubility of sulfur dioxide in strongly acidic solutions,
and they found that if ammenia was present in the air to neutralize
the acid as it was formed oxidation of sulfur dioxide continued.

12 . s
Van Den Heuvel and Mason found that for given concentrations of
ammonia and sulfur dioxide the mass of sulfate formed was propor-
tional to the product of the surface area of the drops and the
time of exposure.

0f primary interest in the photochemical oxidation of sulfur
dioxide is the formation of particulate matter in hydrocarbon/
nitrogen oxides systems. In the absence of sulfur dioxide little
or no particulate matter is formed when atmospheric concentrations
of nitrogen dioxide together with atmospheric concentrations of
any saturated hydrocarbons are irradiated. However, varying
amounts of particulate matter are formed when nitrogen dioxide
together with any cone of a number of six-carbon and higher acyclic
and cyclic olefins and aromatic hydrocarbons (except benzene) are
. . s . 13-15 . , A
irradiated with sunlight. In the absence of nitrogen dicxide,

.16 ) .
Johnstone and Dev Jain obtained particulate matter when they
irradiated sulfur dioxide with n-butane, both at 20mm Hg partial
. . 17
pressure, but Kopczynski and Altshuller were unable to detect
any formation of particulate matter when sulfur dioxide at atmoc-
spheric concentrations together with atmospheric concentrations

of either olefins or paraffins were irradiated. In fact, Renzetti



and Doyle18 and Daintin and Ivin19 demonstrated that olefins can
suppress the production of particulate matter during irradiation
of sulfur dioxide in the absence of nitrogen dioxide.

On the other hand, mixtures of olefins, nitrogen dioxide,
and sulfur dioxide in the presence of sunlight very definitely
form particulate matter, the principal component of which is sul-
furic acid.18’20’21 A primary characteristic of photo-oxidation
of sulfur dioxide is the formatiom of a large number of very small
particles with low light-scattering ability. In the absence of
other materials the small particles grow stowly and have only a
slight light-scattering effect. However,.in the presence of ole-
fins and oxides of nitrogen, the particles grow rapidly and light-
scattering becomes pronounced. The initial particle diameter
may be of the magnitude of 0.02y; the final particle distribution
is dependent upon, among other things, relative humidity. Alka-

iine material, in general, depresses the growth of particles.

Fieid Investigations

Gartrell et al.zz studied the oxidation of sulfur dioxide in
coal-burning power plant plumes, using a helicopter to facilitate
collection of samples. Soluble sulfates were collected on membrane
filters, and sulfur dioxide was collected in hydrogen peroxide.

The sulfur trioxide concentration in the stack gas was 15 to &40
ppm and the sulfur dioxide concentration was about 2,200 ppm.
Thus, on a weight basis the ratio of sulfuric acid to sulfur diox-

ide was initially about 0.03. In successive samples collected
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from the plume, the investigators found that oxidation rates were
0.1 to 2 percent per minute. Increasing rates of oxidation were
observed with Increasing relative humidity, and the investigators
concluded that molsture within the plume or ambient strata was
the primary factor affecting the rate of oxidation.

Katz23 made simultaneous collections of two air samples in
the Sudbury, Ontario, nickel-smelting area to determine sulfur
dioxide and "total sulfur contaminants,'" which he interpreted as
sulfur dioxide, sulfur trioxide, and sulfuric acid. The total
sulfur contaminants sample was collected in a dilute solution of
sulfuric acid and hydrogen peroxide and the sulfur dioxide equiv-
alent determined by electroconductivity. The second sample was
collected in a starch~iodine solution so that sulfur dioxide could
be determined fodometrically. The average ratic of sulfur dioxide
to total sulfur contaminants, or net gaseous acid, was highest
when the concentration of gases was highest. Katzza took this to
indicate in an indirect way the extent to which sulfur dioxide is
oxidized in the atmosphere, since high concentratioas exist for
only a short time and concentration 1s in some measure related to
the time the gas has been in the open alr.

The change in ratic of sulfur dioxide to total sulfur con-
taminants may result from processes other than oxidation. For
examples, 1f nitrogen dioxide formed it would be measured as
gaseous acld and the measured ratio would be chanpged and with time

the removal of basic substances from the alr would change the
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measured Tatio. Further, if the collection apparatus did not
efficiently remove particulates and sulfuric acid from the air the
data could be misinterpreted.

On the other hand, Katz® results indicate that sulfur dioxide
15 oxidized in the atmosphere. Katz estimated the approximate
time the gas was in the atmosphere, and compared ratios of sulfur
dioxide to total sulfur contaminants (expressed as sulfur dioxide
equivalent} determined at the beginning and at the end of the
period. The ratio decreased from about 95 percent at 1 hour to
approximately 65 percent at 12 hours. Since the observations
were made in an area relatively free from other contaminants,
oxidation of sulfur dioxide is suggested. Analysis of the data
presented by Katz showed that the rate of decrease in the ratio
of sulfur dioxide to total sulfur contaminants was independent of
concentration of contaminants, time of day at which the measure-
-ments were made, and ambient temperature.

The following equation was used as a model for the time rate

of change of the concentration of sulfur dioxide:

d(zSE)t K(80)),  -P(80,),
where,
(SOZ)t = the molar concentration of SO2 at time €
k = the fraction of (802)t loss per unit time

due to oxidation to 803, 0<k<gl
p = the fraction of pollutant gases present in
the atmosphere replaced per unit time with

diluting air, 0 < p < 1.
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Integrating and applying the houndary condition that,

il

(SOZ)t (SOZ)O when t = 0 gives the model,

e—(k + p)t.

il

(50,)

(SOE)t 270

1f (803}t is the molar concentration of SO3 at time t, the

equation for its time rate of change can be assumed to be:

= ! -
d(803)t &(Sﬂz)t p(SOB)t
dt
where k" and '"p" are the same as defined above.

Substituting for (SOZ}t, integrating, and applying the

boundary conditicn

(503)t = (503)G at t = O glve%
_ ~-pt + Jpt_ ~(k + plt 1
(803)t (803)0 e (802)0 L 2 e J
Hence,
-kt
Rt (802)t _ (802)0 e _ Roewkt
(Soz}t + (503)t (802)0 + (303)0

Taking logs of both sides:
In Rt = In RO -kt
Showing that under this mathematical model, the ratio of
sulfur dioxide to total sulfur contaminants would plot linearly
against time on semilogarithmic graph paper.
In the data presented by Katz, the value of k, the instan-
taneous fractional loss of sulfur dioxide, was found to be {.021,

equivalent to an instantaneous oxidation rate of 2.1 percent per

hour or 0.035 percent per minute.
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From this oxidation rate it can be calculated that at an
initial concentration of 1 ppm sulfur dioxide {2,860 ug/m3 at 0°C),
and with no dilution, the concentration would be appreoximately
2,850 ug/m3 after 10 minutes, 2,800 u/m3 after 1 hour, and 2,360
ug/m3 after 10 hours. The corresponding sulfur trioxide as sul-

furic acid, would be approximately 15, 90, and 830 uﬂ/m3, and the

weight ratios of sulfuric acid to sulfur dioxide at the respective
times would be approximately 0.005, 0.032, and 0.358.

That much higher rates of oxidation of sulfur dioxide were
found by Gartrell and his assoclates than by Katz may be due in
part to more efficient collecrion of sulfuric acid by the former

investigators, and in part due to atmospheric conditions. As

noted previously, Cartrell and his associates found that moisture

within the plume or ambient air strata is apparently the primary
factor affecting rate of oxidation.

There is also the matter of concentration to be considered.
Whereas Katz' data indicated that the rate of loss of sulfur
dioxide was independent of concentration, Katz' samples, taken in
the open alr, had sulfur dioxide concentrations of generally less
than 2 ppm. Although Gartrell et al. did not indicate concentra-
tions of the contaminants in their plume samples, concentrations
in such a plume would be much higher than 1 to 2 ppm, and at the

higher concentrations the reaction rate could conceivably be

faster.

{ T
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2,26 made simultaneous measurements of sulfuric acid

Ccste2
and sulfur dioxide in London, England. Sulfur dioxide concentra~
tions ranged from 0.13 to 0.58 ppm (371-1,657 ug/m3); sulfuric
acid concentrations ranged from 4 to 20 ug/mB. The weight ratio
of sulfuric acid to sulfur dioxide was 0.011 at the higher con-
centration of sulfur dioxide and 0.013 at the lower concentration.
The highest ratio of sulfuric acid to sulfur dioxide was 0.023 on
a misty day.

Commin527 reported a maximum sulfur dioxide concentration of
1.47 ppm (4,200 ug/mB) in London during the pericd December 2
through 5, 1957. During the same period the maximum concentra-—
tion of sulfuric acid was 222 ug/m3. The ratioc of maximum
sulfuric acid to maximum sulfur dioxide was 0.053. Commins also
reported that sulfuric acid could be as much as 10 percent of the
total sulfur, a weight ratio of sulfuric acid to sulfur dioxide of
0.167.

Bushtueva28’2

made an extensive study of the simultaneous
presence of sulfur dioxide and sulfuric acid mist in the air.
Between August 1953 and January 1954, this investigator collected
198 paired samples for sulfur dioxide and sulfuric acid determina-
tion. The data are presented in tables 2 and 3. The sulfuric

acid and sulfur dioxide were originally reported in mg/m3 rather
than in ug/m3 as shown in the tables. The concentrations of sulfur
dioxide in ppm have been added for convenience of comparison with
other data reported in ppm. These data show that as the sulfur

dioxide concentration increases so does the sulfuric acld concen-—

tration, although at a slower rate.
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ble 2

Correlation Between Concentrations of Sulfuric Acid

and Sulfur Dioxide (24-Hour Samples)

Bushtueva

¥

concentrations of Sulfur Dioxide WNo. of Average Concentration Weipht Ratio
T s ‘ .
, ests %02 HESO/4 HZSO&‘SO2
Cwgdvl . ppu _ppm_up/mi__pplmI
25-100 (.009-0,035 6 0.01 30 172.6 0,420
101-250 3.035-0.088 1R 0.06 176 19.6 0.112
251-50GC 0.088-0.175 38 Q.14 387 20.0 0.051
501--750 0.176-0,263 20 0.23 6063 31.0 0,045
751-1.0G 0,264-0.250 6 0.30 266 29.0 0.033
1001 and oveyr 0.35 and over 11 0.43 1220 £3.0 (3.035
Table 3
Correlation Between Concentrations of Sulfur Dicxide
and Sulfuric Acig_(Siqglg_Samgggglﬁgﬁgﬁhgggggiﬁifqi .
Concentratien of Sulfur Dioxide No. of Average Concentration Weight Ratio
S H 50, 18
; Tests __wbigg___ﬁg__:nga _ H2 0& 902

ug/m ppm ppm so/md up/mo
up to 250 up to 0.009 15 0.05 128 17.5 (.137
251-750 0.10-0.26 8 .15 428 41.6 0.097
over 750 over .26 2 .48 1380 326.0 0.235
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Bushtueva also studied the effect of wind speed and relative
humidity on the concentrations of sulfur dioxide and sulfuric
acid. Both the sulfuric acid concentration and the ratio of
sulfuric acid to sulfur dio#ide were highest during periods of
fog, and lowest during periods of precipitation. In the absence
of precipitation the ratie of sulfuric acid to sulfur dioxide
increased from about 0.045 at 60 percent relative humidity to
abeout 0.090 zt 90 percent relative humidity, and to (.15 at rela-
tive humidities above 91 percent. At wind speeds below about 4.5
miles per hour the ratio of sulfuric acid to sulfur dioxide was
0,173, and at wind speeds greater than about 9 miles per hour the
ratio was only 0.068. Thus calm days, high humidity, and especially
fogegy weather were associated with high concentrations of sulfuric
acid.

Although they did pot study the relationship of sulfuric
acid to sulfur dioxide, Mader et ai.go found that the sulfuric
acid concentration in Los Angeles increased as the relative
humidity increased.

C‘naney31 studied the relationship between sulfur dioxide
{(West-Gaeke measurement) and sulfuric acid in the Los Angeles
area. During the time of the study sulfur dioxide values were
generally very low and sometimes there was no measurable sulfate.
The weight ratios of sulfuric acid to sulfur dioxide ranged from
0.037 to 3.0. As stated by the author, the sulfate levels were
relatively large compared to the sulfur dioxide concentrations.
In tne data of the Natiomal Air Sampling Network, there is also a

large amount of sulfate per unit of sulfur dioxide as measured by
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the W=st-Gaeke technique. 1In the strongly oxidizing atmosphere
of Los Angeles, sulfur dioxide may be rather rapidly oxidized.

On the other hand, the high ozone and nitrogen dioxide concentra-
tions in Los Angeles may significantly interfere with the West-
Gaeke procedure to produce lower than actual sulfur dioxide
values. Consequently, oxidation of sulfur dioxide may be more
apparent than real.

Thomas32 used an automatic electric-conductivity-measuring
instrument for the simultaneous measurement of sulfur dioxide and
sulfuric acid mist during the winter of 1961 in Los Angeles.
Values of sulfur dioxide ranging up to 0.21 ppm (600 ug/ms) and
of sulfuric acid ranging up to 50 ug/m3 were observed. Thomas
originally reported the data in ppm; but t¢o make them comparable
with other data in this repert they have been converted o ug/m3
and are presented in table 4. The weight ratios of sulfuric acid
ro sulfur dioxide range from 0.032 to 0.246, these ratios are in
the range of values reported by other ijnvestigators for other
places.

Thomas! data indicate a non-linear relationship between
sulfur dioxide and sulfuric acid concentrations. Sulfuric acid
increases as sulfur dioxide increases up to some critical value,
depending upon the iocatioa. Beyond the critical value, sulfuric
acid decreases as sulfur dioxide increases. In El Segundo a
maximum sulfuric acid concentration of about Z5 ug/m3 was observed

when the sulfur dioxide concentration was between 0.15 and 0.2




Relationships of Sulfuric Acid to Sulfur Dioxide in Downtown
Los Angeles and El_ Sepundo, Winter of 1963

Sulfur Dioxide

-1

Ta

-

ble 4

{Thomas

Sulfuric Acid

Welght Ratio

Date ppm pg/m ppm ug/m3 2{2804:502
El Sepundo
26 Jan 0.0865 185 0.0016 6.4 0.035
6 Feb 0.061 174 0.0031 12.4 0.071
22 Jan 0.062 177 0.0050 20.0 0,112
8 Feb 0.062 177 0.0054 21.6 0.122
10 Feb 0.055 158 0.0050 20.0 0.127
31 Jan 0.120 342 0.0046 18.4 0.054
11 Febh 0,102 291 0.0047 18.8 0.064
28 Jan 0.110 313 4.0055 22.0 0,070
15 Feb 0.125 356 0.0068 27.2 0.076
9 FTeb 0.130 371 0.0075 30.0 0.081
30 Jan 0.205 584 0.0048 19.2 0.032
2 Feb 0.194 553 0.0098 39.2 0.071
_ _ Los Angeles o
24 Mar 0.057 162 0.0048 19,2 0.118
21 Mar 0.067 191 0.0070 28,0 0,146
22 Mar  0.063 180 0.0072 28.8 0.160
10 Mar 0,057 162 0.0080 32.0 0.200
9 Mar 0.064 182 0.0092 36.8 0.201
13 Mar 0.065 185 0.009% 39.6 0.214
14 Mar 0.050 143 0.0084 35.2 0.246
22 Mar G.122 348 0.0072 28.8 3.082
13 Mar 0.122 348 0.0126 50.4 d.145
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ppm (425 to 570 ug/m3); whereas, in downtown Los Angeles a maximum
sulfuric acid concentration of about 30 pg/m3 was oéserved when
the sulfur dioxide concentration was between 0.05 and 0.10 ppm
{140 to 280 ug/m3).

During the past several years the National Air Sampling
Metwork has taken simultaneous measurements of 24 hour average
sulfur dioxide and suspended sulfate in various cities.33‘35
Unpublished analyses of these data show that correlation coeffi-
cients between sulfur dioxide and suspended sulfate (sulfuric acid
and sulfate salts) range between 0.5 and 0.9. Manganese and iron
in the suspended particulate matter and relative humidity and
temperature were studied as variables that might affect this
correlation. As relative humidity and the metals increased so
did suspended sulfate. Temperature had no effect on suspended
sulfate concentrations.

Thus, the data from field studies essentially agree with
data from laboratory investigations; both show that sulfur diowide
can be oxidized to sulfuric acid or an acid salt in the atmosphere.
The field studies also show that from evidence taken in a number
of geographical locations there is a relationship between sulfur
dioxide and sulfuric acid concentrations in the air. The rela-
tionship is partly dependent upon the amount of moisture in the
air, upon the tiwe the sulfur contaminants have been in the atmo-
sphere, the amount of catalytic particulate matter present in the

air, the amount (intensity and duration) of sunlight, the amounts
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of hydrocarbons and oxides of nitrogen, and the amount of directly
reactive and adsorbtive materials in the air, as well as recent

precipitation.

SOURCES OF OXIDES OF SULFUR IN THE ATMCSPHERE

Rohrman and Ludwig36 recently reviewed sources of sulfur
dioxide polliution. Sulfur dioxide pollution results primarily
from the combustion of fossil fuels, the refining of petroleum,
the smelting of ores containing sulfur, the manufacture of sulfuric
acid, the burning of refuse, and the burning or smaldering of coal
refuse banks. In all of these processes a small amount of sulfur
trioxide or sulfuric acid is also emitted.

Specific reviews covering the coal industry, petroleum
refineries, fuel oil combustion, burning coal mine refuse banks,
sulfuric acid manufacture, and the iren and steel industry have
recently been made.37waa

Of considerable importance to the meteorological and chemical
behavior of sulfuxr oxides in the atmosphere as well as to their
measurement are the kinds of emitters, whether large or small,
and whether disperse or point sources. The trend of operations
has been away from sulfur dioxide pollution by low-level disperse
sources and toward large, point sources, except for diesel trucks
using fuels of high-sulfur-~content. The large-source emissions
contain lower concentrations of polynuclear hydrocarbons and
higher concentrations of nitrogen oxides and sulfur trioxide.

Also, particulate matter from large sources can be controlled to
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a greater extent, which means that suspended particulate matter,
which interacts with the oxides of sulfur, can be reduced. Further,
emissions from large sources are usually emitted from higher stacks,
and although this may set the stage for brief early morning fumi-
gations, it reduces average ground level concentrations and the
frequency of air pollution episodes. 3-48

Major sources of sulfur dioxide released to the atmosphere
in 1963 as summarized by Rohrman and Ludwig are:

Process Sulfur Dioxide*
Tons % of Total

Burning of Coal

Power Generation (211,189,000 tons) 9,580,000 41.0
Other Combustion (112,630,000 tons) 4,449,000 19.0
Sub-Total 14,029,000 60.0

Combustion of Petroleum Products
Residual Oil 3,703,000 15.9
Other Products 1,114,000 4.8
Sub-Total 4,817,000 20.7
Refinery Operations 1,583,000 6.8
Smelting of Ores 1,735,000 7.4
Coke Processing 462,000 2.0
Sulfuric Acid Manufacture 451,000 1.5
Coal Refuse Banks 183,000 .8
Refuse Incineration 100,000 b
Total 23,360,000 100,0

* A small amount of this tonnage is converted to sulfur trioxide
and sulfuric acid mist before discharge to the atmosphere.

MEASURES OF OXIDES OF SULFUR IN THE ATMOSPHERE

Measures of oxides of sulfur in the atmosphere include variocus
direct indices of sulfur dioxide, measures of the amount of sul-

fate in suspended particulate matter, measures of the amount of
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sulfate in settled dustfall, measures of sulfuric acid mist, and

the lead peroxide candle index of sulfur dioxide activity.

Direct Indices of Sulfur Dioxide

Katzag in 1939 briefly reviewed the methods of indica-
ting sulfur dioxide concentrations which were then in use or had
been in use up to that time. The first method for measuring
small amounts of sulfur dioxide in the air made use of the bleach-
ing action of sulfur dioxide on a starch-ioedine solution. This
method was reasonably accurate in the range of C¢.8 to 3 ppm
sulfur dioxide and was later modified to apply to the range 0.1
to 60 ppm. A method had also been described for measuring the
titratable acidity of the air by reacting the air with a water
solution of hyperol, the sclid compound formed by reacting hydro-
gen peroxide with urea. Another method involved absorbing sul-
fur dioxide in 0.1N sodium hydroxide and titrating with iodine.
Finally, an automatic instrument, the Thomas Autometer, was
developed in which polluted air was drawn through an acidic hydro-
gen peroxide solution, and the electroconductivity of the final
solution measured.

The methods of indicating sulfur dioxide concentrations have
recently been reviewed by JacobsSO and by Hochheiser.51 The
common methods now in use are the West-Gaeke, hydrogen peroxide,
and electroconductivity methods.

The West-Caeke method has been widely used in the United

States in recent years. In this procedure sulfur dioxide is
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absorbed in 0.1N agueous sodium tetrachloromercurate to form the
non-voiatile dichlorosulfitomercurate fon, which is then reacted
with formaldehyde and acid bleached pararosaniline teo form red-
purple pararosaniline methylsulfonic acid. This reaction is
specific for sulfur dioxide. The color intensity of the dye,
which is proportional to the concentration of sulfur diexide, is
measured at 560 mu. The method applies to the determination of
sulfur dioxide in ambient a2ir in the concentration range from
about 0.002 to 5 ppm. In the presence of ozone or nitrogen dioxide,
lower concentrations of sulfur dioxide may be indigated than
actually exist in the sampled air because the cclor intensity of
the dye is reduced by these compounds. Heavy metals, especially
iron salts, oxidize dichlorosulfitomercurate, which also results
in low indications of sulfur dioxide. This latter interference
can be eliminated by filtration or by including ethylenediamine-
tetracetic acid in the abscrbing reagent. Hydrogen sulfide pre-
cipitates the collecting reagent; such a precipitate must be
fiitered from the sample prior to determining color intensity.
Nitrogen dioxide interference may be eliminated by adding o-tal-
uidine or sulfamic acid subsequent to sample collection.

In the hydrogen peroxide method sampied air is bubbled through
a 0.03N hydrogen perbxide solution adjusted to pH 5. Sulfur
dioxide present in the sampled air forms sulfuric acid. The
total acid collected from the air is then determined by titration

with standard alkali. The presence of acidic pases other than
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sulfur dioxide or reactive acid solids in the air sample gives
erroneously high results, whereas the presence of alkaline gases
or reactive basic solids gives erroneously low results.

Details for carrying out the procedures of either the West-
Gaeke or hydrogen peroxide methods are given by both Jacobs and
Hochheiser.

Flectroconductivity measuring devices are curreuntly being
used in several cities in the United States. These devices are
not specific for sulfur dioxide. Electroconductivity is measured
in terms of the resistance of the solution between two electrodes
immersed in it. Electroconductivity is a property of all ionic
solutions, and electroconductivity methods are not specific for
any particular compound. Soluble gases that yield electrolytes
in solution cause the greatest interference. Any hydrogen halides
present are measured. Except near special sources of contamination,
however, these gases, compared to sulfur dioxide are seldom present
in air in appreciable amounts. Sulfur trioxide gas, if present,
would resuit in a positive interference. Weak acidic gases such
as hydrogen sulfide cause practically no interference because of
their slight solubility and poor conductivity. Nitrogen dioxide
does not interfere appreciably because it is poorly zbsorbed. If
the water is free of bases, the carbon dioxide content of air
causes no interference.

Since the particle size of sulfuric acid mist is small (less
than 1y, except when the relative humidity is greater than 85

percent), sulfuric azcid mist is not measured appreciably by
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electroconductivity methods. A special absorber and different
operating parameters are required for effective collection of
sulfuric acid mist.

Neutral and acidic aerosols such as sodium chloride or sul-

furic acid give high results to electroconductivity measurements

depending on theiy solubility, ionization, and the ability cf the
absorption system to remove them from the airstream, which, in
this method, is very podr unless particle size is large.

Alkaline gases such as ammonia interfere with electrocon-
ductivity measurements by neutralizing the acid; low results are
produced because the transport number of the hydreogen ion is
several times greater than that of other cations. Similarly,
lime dust or other basic solids, if absorbed, cause comparatively
low results for sulfur dioxide.

The methods used in the Soviet Union are of interest. Bush-
tueva28 collected sulfur dioxide in a potassium chlorate solution
preceded by a glass filter. How the final analysis was made is
not stated, but it can be assumed that the procedure was either
the nephelometric analysis of barium sulfate or the turbidimetric

52,53 Alekseeva and Samorodiva54 published

analysis of lead sulfate.
a fuchsin-formaldehyde procedure in which sulfur dioxide is collecte
in glycercl-water solution of 0.CIN sodium hydroxide. This methoed
is essentially the same as the fuchsin-formaldehyde method Hoch-
heiser reviewed. Lyubimov55 reported on the development of a

continuous monitoring instrument in which sulfur dioxide is ab-

sorbed in a solution of barium chloride. Light transmission
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through the resulting turbid solution is continuously recorded
and is directly proportional to the sulfur dioxide concentration.

The hydrogen peroxide method is most frequently used in
Europe; in the United States the West -Gaeke and electroconductivity
nethods are most frequently used. There is evidence that hydro-
chloric acid may contribute significantly to the values obtained
by the hydrogen peroxide method in England; in general,this would
not hoid true in the United States because of the negligible
amounts of chloride in the coal used in this country and the
corresponding negligible amounts of chloride in the atmosphere.34’56"58

The values obtained by the various methods of measuring
gaseous sulfur dioxide in ambient air may not always correlate
well with one another since in general they do not measure the
same thing and since interfering substances are present in
varying amounts from time to time and place to place. It is gen-~-
erally assumed that sulfur dioxide is the major censtituent in
air rhat will react when any of the methods are used, and this
may not be entirely true, as some recent studies show.59_62 The
electroconductivity methods may give values 1 to 5 times those
obtained by the West-Gaeke procedure; the hydrogen peroxide method

59,60,62-63 However, when

usually gives intermediate values.
cities are ranked by average sulfur dioxide concentrations as
indicated by several of the methods they usually keep the same
- 64 . o :
positions. Therefore, comparisons of sulfur dioxide poliutien

with average responses of man, plants, and materials usually show

similar relationships among cities regardless of which sulfur
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dioxide index 1is used. On the other hand, in evaluating responses
of man, plants, and materials to day-to-day or hour-to-hour changes
in air pollution, the peculiar characteristics of a particular

analytical method may be of considerable importance.

Sulfuric Acid Mist Measurements

Data on atmospheric concentrations of sulfuric acid mist are
relatively scarce. Collection of samples reflects the inherent
problem of collecting particulate matter suspended in the air,
Further, methods of analysis for quantitatively differentiating
sulfuric acid mist from sulfate salts or other acids are inade-
quate. The effects of the mist depend on particle size, the
determination of which also presents problems related to the
behavior and properties of particles.

According to Commins,27 total acid in London air was deter-
mined in about the vear 1930 by absorbing both sulfur dioxide and
particulate acid in hydrogen peroxide and subsequently titrating
with standard alkali. The results of a simultaneous determination
of sulfur dioxide by an iodine method were subtracted from the
total acid content to give particulate acid concentrations.

Goodeve65 discussed impingers and filters for removing
1iquid droplets from air and mentioned the use of glass filters
for determining the amount of sulfuric acid in the air. However,
he did not elaborate on the analytical method beyond the collection.

Coste25 mentioned the difficulty of detecting sulfuric acid

in air because the microscopic droplets are not absorbed in water
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or atkaline solutions. However, his co-worker, Courtier, had
obtained sulfuric acid from air by first removing sulfur dioxide
with hyperol (urea peroxide), passing the air through sintered
slass or cotton wool, and then into an ice cooled flask where the
water was condensed, collected, and analyzed for sulfate ion by
the barium sulfate technique.

Coste and Courtier26 further modified the method by using
lead peroxide instead of hyperol to remove sulfur dioxide from
the air. Afrer the air was passed through a U-tube containing

lend neroxide absorbed on numice chips L0 remove sulfur dioxide,

1
£l

ve air was saturated with water. The air was then cooled to
condense the water vapor, and the condensate was rested for sul-
fate and measured for acidity. When the results of the lead per-
oxide and hyperol procedures Were compared, less sulfuric acid
was found by the lead peroxide procedure. The authors demon-
strated that thir phenomenon was not due to sulfur dioxide being
oxidized to sulfuric acid in the hyperol procedure, but was due
rather to the fact that only 10 to 20 percent of the hygroscopic
nuclei present in the sampled air passed through the lead peroxide
absorber, whereas 90 percent passed through the hyperol absorber.
Alekseeva and Bushtueva66 measured sulfurie acid in air by
passing air through a lead peroxide filter to remove sul fur
dioxide, collecting the sulfuric acid in distilled water, and
analyzing the sulfuric acid by the nephelometric barium sulfate

rechnique. They also described a method for the simultaneous
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measurement of sulfuric acid and sulfur dioxide in the air. The
gas and mist were absorbed in a 0.0lN solution of sodium hydroxide
in 5 percent aqueous glycerol sclution. An aliquot of the collected
sample was analyzed colorimetrically for sulfur dioxide by a
fuchsin-formaldehyde method; another aliquot was treated with
hydrochtoric acid to displace sulfur dioxide; and the remazining
sulfuric acid aerocsol was measured nephelometrically.67
Mader et al.go devised a system capable of filtering 50 to
60 cubic feet of air in 1 hour through Whatman No. 4 filter paper
(l-inch diameter) that had previcusly been washed with distilled
water until the washing had a pH of 7 + 0.10. The test filter
was macerated in 20 ml of distilled water, and the pH of the
resulting solution determined. Total acidity was then determined
by titration with 0.002N sodium hydroxide to an end point of carbon-
dioxide-free distillad water and corrected by a blank determina-
tien.
Commin327 described a method in which sulfuric acid in the
air was collected by filtering air through Whatman No. 1 filter
paper. The filters were then cut in half and one-half was placed
in de-ionized water adjusted with 0.01N sodium tetraborate to pH
7 as indicated by bromothymol blue indicator. The solution in
which the half filter had been immersed was then titrated to pH 7
with sodium tetraborate to determine the approximate amount of
acid present. This amount of acid was less than the true amount
since some of the acid reacted with water-insoluble bases which were

present in the sample. The true amount was found by adding a
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wnown excess of 0.10N sodium tetraborate (at jeast 0.1 ml more
than the amount indicated above) to 1 to 2 mi of the pH 7 solu-
tion and then immersing the second half of the filter paper in it
and titrating the excess with 0.01N sulfuriec acid. Acidic gases
did not seem to interfere significantly, but large atmospheric
concentrations of either particulate acids or various basic con-
stituents, such as ammonia, would have interfered.

Thomas and Ivie68 described an automatic method for measuring
sulfuric acid aerosol in the presence of sulfur dioxide, that
used a high velocity impactor. At suitable intervals (usually
about 30 minutes) the impactor was washed with conductivity water,
and the electroconductivity of the resulting solution determined.
The collection efficiency of the impactor was about 70 percent,
but varied with particle size, being more efficient with larger
particles. The method has recently been used in Los Angele532

and Chicago.69

Other Indices of Sulfur Oxides Follution

Sulfate content of either suspended particulate matter or
. : 50,70
settled dustfall can be determined by conventional methods. ?
Sulfate content of suspended particulate matter has been measured
for a number of years by the National Air Sampling Network, but
in the Ynited States there is little published information on the
sulfate content of dustfall. On the other hand, the sulfate of
dustfall in England has been determined routinely, whereas the

sulfate content of the suspended particulates has not been.71’?2
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The one measurement that has been used extensively in the
United States, Canada, England and Japan is the lead peroxide
candle index of sulfur dioxide pollution.59"6l’72_80 In this
method a paste made of lead peroxide in a gum tragacanth sclution
is applied to & cotton gauze wrapped arcund a glass or porcelain
form. This is called a lead peroxide candle. The candle is ex-
posed to the air in a louvered shelter for a period of 1 month;
the formed lead sulfate is then determined. The method is not
specific for sulfur dioxide since it also measures sulfur triox-
ide, hydrogen sulfide, and other sulfur-containing compcunds
capable of forming lead sulfate. The impertance of the latter
method from the standpoint of air quality criteria is that the
measurements derived_from it have correlated well with certain
biclogical and materials deterioration data.

Correlations between gaseous indices of sulfur dioxide and
measures of other oxides of sulfur may alsc vary from city to city
and time of year to time of year for the same reasons that corre-
60,62

lations between gaseous measures of sulfur dioxide vary.

Reasonably high correlations seem to exist among measures of

suspended sulfate, lead peroxide candle sulfation rates, and sul-
fate content of dustfall.74 This is to be expected, since the
sulfate in all cases is mostly derived from sulfur dioxide in the

atmosphere and because one factor, the gsulfate ion, is measured

in all cases.
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CONCENTRATIONS AND VARIATIONS QF OXTDES OF SULFUR IN THE AIR

$ulfur Dioxide

Notable concentrations of sulfur dioxide occur not only in
some urban areas that have many disperse sources and/or large
sources, but also im rural areas around large point sources such
as smelters, power plants, or oil refineries.

Concentrations arcund large point sources are more variable
than concentrations in urban areas where many disperse sources
tend to average ocut the variations associated with wind speed,
wind direction, plume rise, and plume dispersion.

Several studies of concentrations around large point sources
have been reported. Concentrations at a given point in such
an area are usually legs than the minimum detectable level, but
high concentrations occur under some atmospheric conditions.

Sl.illivuenrxgrl reported that in the vicinity of a copper smelter
in Port Kembla, N.S.W., Australia, the maximum daily average
concentrations were 8 to 17 times the annual average concentra-
tion. For example, at a station jocated 1.5 miles from the
smelter, whereas the hydrogen peroxide method indicated an annual
average of 0.036 ppm, the maximum daily average was 0.60 ppm. A
Thomas Autometer indicated peak concentrations from 1 to 5 ppm on
30 occasions during a Z-month period and a maximum peak of 13.5
ppm.

Linzon82 reported concentrations in excess of 0.5 ppm for 10

hours during one month with momentary peaks over 2 ppm in an area
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of an oll refinery. He also reported that at a distance of 8
miles from a smelter, measurable concentrations were present
about 20 percent of the time. The average concentration over the
period of the study (May 1 to Aug. 30, 1954), including the times
when there was no measurable gulfur dioxide, was approximately
0.03 ppm; concentrations in excess of 0.25 ppm occurred 4 percent
of the time.83

i(atzz‘9 reported average concentrations 15 miles south of the
Trail, British Columbia, smelter during the 6-month growing season
April through September of 0.032, 0.007, 0.008, 0.012, 0.023, 0.022,
and 0.013 ppm for the years 1931 to 1937 inclusive. Concentrations
in excess of 0.25 ppm occurred during 140, 8.5, 18, 32.5, 36, 47,
and 7 hours respectively during these years, or from 0.2 to 3.5
percent of the time. Maximum concentrations lasting for from 4
to 54 minutes ranged from 0.48 to 1.30 ppm or from 30 to 160 times
the respective 6-month averages.

Martin and Barber84 studied sulfur dioxide concentrations
around a 1,000 MW power station burning 430 tons of coal of 1.5
percent sulfur per hour. Sixteen sulfur dioxide recorders were
spaced around a ring of radius about 3 to 4 miles centered on the
station, i.e. near the zone of calculated maximum ground-level
pollution. The maximum 3-minute concentration during the year
was about 0.62 ppm, the maximum hourly average was about 0.47 ppm,
the maximum daily average was 0.11 ppm and the annual average was

about 0.027 ppm. It was estimated that the contribution of the

power station to the annual average was about 0.001 to 0.002 ppm.
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Concentrations of sulfur dioxide around large coal-fired
power plants in the United States have not been widely reported,
but the data presented by McCaldin and Bye59 for Seward, Pennsyl-
vania, which is located about one-half mile from such a plant,
indicate similar variation. A Thomas Autometer operated during
January through April indicated an average concentration of 0.17
ppm (0.09 by West-Gaeke) with a maximum hourly average of 2.9 ppm
and a momentary peak concentration of 4.7 ppm.

These data, which show extremely variable concentrations
associated with low annual averages, are important because they
also show that the thresholds for taste, odor, sensory responses,
respiratory responses, and acute injury to vegetation are fre-
quently exceeded.

The major causes of variation in urban concentrations of
sulfur dioxide are associated with geographic place, diurnal
time, and season of the year, as well as with total rates of
emissions from sources.,6?"85-95

Although the indicated concentrations of sulfur dioxide vary
somewhat with the measurement method, the data of both the National
Air Sampling Network (West-Gaeke measurement in approximately 50
locations) and the Continuous Air Monitoring Program (electrocon-
ductivity measurement in & large cities) indicate that the average
annwal sulfur dioxide concentrations in cities of the United States
range from near zero to as high as 0.16 ppm.

In the northesstern quarter of the United States, heating

and electrical power requirements, customary fuel, and
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climatological characteristics all combine to generally cause and
allow relatively high concentrations.

Heating and electrical power requirvements and atmospheric
dispersion phenomena combine to cause and allow relatively high
concentrations in the fall and winter months. Relatively large
requirements of electricity for indoor air conditioning may be
responsible for some increased pollution by sulfur oxides during
the summer wmonths in some areas.

There is usually a maximum concentration of sulfur dioxide
in the morning around 8 ofclock, and a minimum concentration
during the afternoon. However, under certain atmospheric condi-
tions, such as stagnating anticyclones, sulfur dioxide can accumu-
late for several days.

Examination of the Continuous Air Monitoring Program data
indicates that the maximum amount by which a given hourly average
may differ from the previous hourly average can occur at any time
of day, during any month of the year, and regardless of the mag-
nitude of the previous hourly average. The data reveal numerous
accumulations of 0.3 ppm or more in 4 hours or less and they also
reveal numerous periocds of rather steady accumulation of sulfur
dioxide over periods of from 1 to 3 days, culminating in concen-
trations (as indicaéed by the CAMP monitoring instruments) as
high as or higher than 1 ppm even though it is recognized that
the CAMP stations are not all located in sections of their respec-
tive metropolitan areas where sulfur dioxide pellution concentra-

tions are highest.
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There is never a guarantee that a particular set of stagna-
ting atmospheric conditions will break up before the concentrationg
become critical, as they have in Donora, New York City, Detroit,
and areas in other countries, but the accumulsastion to critical
concentrations may be minimized by considering in air quality
criteria the usual variation in urban concentrations of sulfur
dioxide.

Zimmer and Larsen99 studied the variation of sulfur dioxide
concentrations over 1 year shown by the data of the Continuous
Alr Monitoring Program and found that the data were approximately
log-normally distributed regardless of the averaging time. Al-
though there was slight variation from city to city, 1 percent
of the daily averages exceeded a concentration which was approxi-
mately 3 (2.5 to 4) times the annual average; 1l percent of the
hourly averages exceeded a concentration which was 4.6 (3.5 to 7)
times the annual average; and 0.1 percent of the hourly averages
exceeded a concentration which was approximately 7 (5.5 to 9)
times the annual average. Maximum daily and hourly concentrations,
vwhich are less predictable than calculated percentage points of a
distribution, were approximately 4 (3 to 5) and 10 (8 to 13) times
the annual average concentration. In the Natiopal Air Sampling
Network data, the ratio of the maximum daily average in a city

to the annual average in the same city is approximately 3 (2 to 7).
High sulfur dioxide concentrations are found many miles from

. . 46,49,101-102

either a major urban area ¢r from a large point source.

Some mesgsured concentrations 25 to 30 miles from cities are pre-

sented in table 5.
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Suspended Sulfate

Sulfate (sulfuric acid and sulfate salts) in suspended par-
ticulate matter has been extensively measured for a number of

58,70

years by the National Air Sampling Network. The maximum 24

hour average concentration observed was 94 ug/ma, The national
average urban concentration estimated from 2,197 samples collected
over the years 1957 to 1960 is 11.8 ug/mB. There is considerable
geographic variation. The observed average concentrations of

18.8, 15.0, 14.5,and 13.3 pg/m3 occur in the mid-Atlantic, mideast,
midwest and New England areas, respectively. TLower average con-
centrations of 10.7, 9.0, 8.7, 7.4, and 5.8 ug/m3 have been observed
in the southeast, Pacific coast, Great Plains, Gulf south, and

Rocky Mountain areas, respectively. As with sulfur dioxide the
highest concentrations occur most frequently in the fall and

winter months.

Sulfate in Dustfall

The Register of Air Pollution Anaiyses71 lists only four
organizations which have measured and reported sulfate in dustfall
in the United States. This measure may be expressed either as
percent sulfate Iin total dustfall, or more usually, as tong of
sulfate per square mile per month. In a southwestern city where
32 collecting stations were used, sulfate averaged 10.8 percent
of the total dustfall, or 15.5 tons/miz/mo over a 3-month period.
In a northwestern city sulfate averaged 27 percent of the total

dustfall, or 7.4 tons/miz/mo, which is similar to the 32 percent
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of the total dustfall and 7.8 tons/mizfmo observed in a New England

coun 14776, 101

Sulfation Rates of Lead Peroxide Candles

Considerable use has been made of lead peroxide candles in
the United States, and usually they have been used in conjunction
with other measures of sulfur oxides polliution. Sulfation rates
in United States cities have been observed to range from a few
tenths of a wmilligram to zbout 8 mg of sulfur trioxide per 100
cm2 of exposed lead peroxide candle surface per day (mg 503/

100 szfday).59"61’7a

Sulfuric Acid Mist

Only a few attempts have been made to measure sulfuric acid
mist in the United States. Concentrations measured in Los Angeles
average about 25 ug/m3, and a high concentration of 50 ug/m3 has

30-32

been observed. In Chicago, during the months of November

and December 1964 the average for the hours 10 a.m. to 4 p.m. was

5.2 ug/m3.69

FFFECTS OF AIR POLLUTED WITH OXIDES OF SULFUR ON

VISUAL RANGE, MATERIALS AND VEGETATION

Visual Range

One of the most noticeable physical effects of air pollution
ig its effect on light transmission as evidenced by reduced visi-
bility. Comprehensive treatments of the subject have been made

4 105
by Steffens,103 Middleton,lo and Robinson.
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In the atmosphere light is scattered and in addition is
attenuated by absorption. Of the two effects,scattering is the

. . . ) 106
more important effect of sulfur oxides pollution.

The exact contribution that the oxides of sulfur make to the
total scattering of light by various atmospheres has not been
well studied. The sulfur oxides products that cause scattering
are sulfuric acid mist and other sulfate particulates.

Visual range V., along a given path is arbitrarily defined

2!
as the distance a black box target must be moved from an observer

to reduce its contrast with the horizon at the sky to 0.02 and is

given by the relation:

where,
g is the attenuation per unit path length
N is the number of particles per unit volume of atmosphere
with cross sectional area A
E is the particle extinction coefficient.lo
The particle extinction coefficient, E, represents the total
light scattered and absorbed by a particle divided by the light
geometrically incident on the particle. This coefficient depends
on the particle's refractive index, its shape, and its size
relative to the wavelength of the light and usually is expressed as,
a = xd/N
where,
d is the particle diameter
A 1is the wavelength of light in the medium surrounding

the particle.
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Refractive indices of sulfuric acid in equilibrium with water

vapor at various relative humidities are given in table 6 and

in table 7 values for E when A = 0.5u are given for various

concentrations of sulfuric acid mist of wvarious particle sizes.

When particles of different sizes or diffevent refractive

indexes are involved, the eguation V2 = 3.9/NAE for visual range

must be modified as follows:

where:

but,

v, = _3.9p
TN;A{E4

is the visibility in standard